Inflammation is an important contributor to pediatric and adult neurodegeneration. Understanding the genetic determinants of neuroinflammation provides valuable insight into disease mechanism. We characterize a disorder of recurrent immune-mediated neurodegeneration. We report two sisters who presented with neurodegeneration triggered by infections. The proband, a previously healthy girl, presented at 22.5 months with ataxia and dysarthria following mild gastroenteritis. MRI at onset showed a symmetric signal abnormality of the cerebellar and peritrigonal white matter. Following a progressive course of partial remissions and relapses, she died at 5 years of age. Her older sister had a similar course following varicella infection, she died within 13 months. Both sisters had unremarkable routine laboratory testing, with exception of a transient mild cytopenia in the proband 19 months after presentation. Exome sequencing identified a biallelic perforin1 mutation (PRF1; p.R225W) previously associated with familial hemophagocytic lymphohistiocytosis (FHL). In contrast to FHL, these girls did not have hematopathology or cytokine overproduction. However, 3 years after disease onset, the proband had markedly deficient interleukin-1 beta (IL-1b) production. These observations extend the spectrum of disease associated with perforin mutations to immune-mediated neurodegeneration triggered by infection and possibly due to primary immunodeficiency.
INTRODUCTION
Childhood neurodegeneration is a diagnostic challenge because it arises as a primary or secondary consequence of many genetic and acquired etiologies, particularly infectious causes. 1 Genetic bases include disorders of metabolism, myelination, vascular integrity and inflammation. 2, 3 Dysfunction of the innate immune system is the most common primary inflammatory cause of neurodegeneration. 4 The aberrant release of cytokines by activated microglia and circulating macrophages in disorders of the innate immune system damage the myelin sheath directly, and also enhance blood-brain barrier permeability, allowing further recruitment of leukocytes to the CNS.
The myriad of inflammatory neurodegenerative disorders rarely have pathognomonic clinical or radiographic features, and are generally subclassified as affecting primarily the white matter, the gray matter, or both. Even when specific neuroradiological signs suggest a particular subset, diagnosis remains challenging and requires additional investigations. Consequently, many neurodegenerative disorders defy a precise diagnosis.
Pro-and anti-inflammatory cytokines can both cause and mitigate neurodegeneration. 5, 6 Interleukin-1 beta (IL-1b) is a potent proinflammatory cytokine associated with the induction and maintenance of the innate immune response. It has been implicated in neurodegeneration as well as neuroprotection (reviewed by Fogal and Hewett 7 ). IL-1b is overexpressed within the central nervous system of patients with multiple sclerosis, in animal models of experimental autoimmune encephalomyelitis, and systemically in some patients with active hemophagocytic lymphohistiocytosis (HLH) with CNS involvement. [8] [9] [10] Familial hemophagocytic lymphohistiocytosis (FHL) is an autosomal recessive disorder of immune dysregulation, resulting in hypercytokinemia associated with fever, hepatosplenomegaly, and cytopenia. 10, 11 Identified genetic causes of FHL include mutations in perforin1 (PRF1; FHL2), 12 UNC13D (FHL3), 13 STX11 (FHL4), 13 and STXBP2 (FHL5). 14 The diagnostic criteria for HLH include fever, cytopenia (Z2 cell lineages), hypertriglyceridemia and/or hypofibrinogenemia, and hemophagocytosis in the bone marrow, spleen, or lymph nodes. Additional diagnostic criteria include decreased NK-cell activity, hyperferritinemia, and elevated secretion of soluble IL-2 receptor. 15 Treatment includes chemo-immunotherapy and hematopoietic stem cell transplantation.
We present a family with two daughters who died of a previously undescribed neurodegenerative disorder triggered by infection. Both girls had biallelic mutations in PRF1 without diagnostic features of FHL2.
MATERIALS AND METHODS

Patient data
Clinical data on each affected individual were obtained through retrospective chart review and interviews of the parents. Data on the proposita were also collected prospectively.
Standard protocol approvals, registrations, and patient consents
Family members gave informed consent/assent for protocol H09-01228 (University of British Columbia, Vancouver, Canada) and for protocol 76-HG-0238 (National Institutes of Health, Bethesda, MD, USA).
Exome sequencing and analysis
Exome sequencing was performed on the nuclear family (both affected sisters, their three unaffected siblings, and both parents - Figure 1 ) as previously described. 16 We used NextGENe software version 2.2.2 (SoftGenetics, LLC, State College, PA, USA) to align sequences to the human reference genome (NCBI, Build 37 v2) and call variants. Each sample alignment was performed allowing one mismatched base and Z85% of the read matching the reference sequence. Variant calling required that the variant was observed in Z20% and Z3 short reads, with a minimum of 5 Â coverage.
Following generation of a variant list fitting autosomal recessive inheritance by NextGENe Viewer's Variant Comparison Tool, we ranked the variants using VAR-MD as described. 17 To accept variants for ranking, we required a variant to meet the following criteria in at least four of the seven exomes: a cutoff for genotype confidence score of Z16, or for variants that had scores between 7 and 16, a genotype confidence score of at least one-fourth the coverage value.
Cell stimulation and measurement of cytokines
Peripheral blood mononuclear cells (PBMCs) were purified over a gradient of Ficoll-Paque Plus (GE Healthcare, Piscataway, NJ, USA). PBMCs were cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum and 2 mM L-glutamine.
For evaluation of inflammasome activation, extracellular IL-1b was detected in culture supernatants after stimulation of PBMCs with lipopolysaccharide (LPS) in the presence or absence of exogenous ATP. 18 An LPS challenge was performed (in triplicate) on patient IV-5, unaffected siblings, parents, and seven healthy controls. Briefly, 2 Â 10 5 PBMCs/well were added to a 96-well plate and treated in triplicate with 10 ng/ml E. coli Ultra-Pure LPS (InvivoGen, San Diego, CA, USA) for 4 h with or without addition of 5 mM ATP for the last hour of incubation. The IL-1b concentrations were measured using an ELISA Ready-SET-Go (eBioscience, San Diego, CA, USA). Statistical analysis was performed using SPSS v.19 (IBM, North Castle, NY, USA), applying independent sample t-tests.
A Luminex-based cytokine/chemokine assessment was performed on patient and healthy adult control whole blood. 19 Briefly, 2.2 ml of a 10 Â TLR ligand for stimulation of whole blood (final working concentrations are 10 ng/ml LPS, 1 mg/ml PAM, 100 mg/ml pIC, 10 mg/ml PGN, and 10 mM R848) was added to a well of a 96-well culture plate. Assays were performed in duplicate. Two hundred microliters of a 1:1 whole blood:RPMI 1640 (Invitrogen, Carlsbad, CA, USA) mixture was then added to each well. After a 24-hour incubation, cytokine levels (IL-1b, IL-6, IL-8, IL-10, IL-12p40, IL-12p70, IP-10, MIP-1a, MIP-1b, TNF-a, IFN-a2, and IFN-g) were measured in the supernatants using a Luminex immunobead-based 12-plex assay (Luminex running the Masterplex software, MiraiBio, Alameda, CA, USA).
RESULTS
Clinical features
The proband and her sister ( Table 1) were daughters of a consanguineous couple of Lebanese origin. The parents were first cousins but had additional loops of consanguinity such that the estimated coefficient of inbreeding for the proband was 0.13 (Supplementary data), the equivalent of the offspring of half-sibs.
Patient IV-5. The proband (IV-5, Figure 1 ) was born at term after an unremarkable pregnancy and delivery. She had normal early growth and development and good health aside from upper respiratory and middle ear infections. Beginning at 18 months, her weight gain declined, and at 22.5 months, a week after a bout of gastroenteritis with an eczematous rash, she developed ataxia, abnormal eye movements and dysarthria as well as brain white matter abnormalities (see below; Figure 2 ). She had elevated CSF protein concentration (0.56 g/l; ref.: 0.10-0.35 g/l). Bone marrow biopsy showed iron depletion. Additional testing was otherwise unremarkable (Table 1 and Supplementary Table 1) .
Soon after partial resolution of the ataxia and dysarthria, she developed progressive disease. At age 32.5 months, her brain MRI documented further white matter degeneration, and a skeletal muscle biopsy showed mild variation in fiber size and type II fiber atrophy on light microscopy; fiber and mitochondrial ultrastructure as well as mitochondrial respiratory chain activity were normal. Also, her CSF had unremarkable chemistry and cytology, and by PCR, no detectable nucleic acid indicative of infection with Cytomegalovirus, Herpes virus type 6, Varicella-Zoster, Epstein-Barr virus, Adenovirus, West Nile virus, Enterovirus, Herpes simplex viruses 1 and 2, and toxoplasmosis (Table 1) . By age 42 months, she developed mild PRF1-associated ataxia C Dias et al splenomegaly and lymphadenopathy without hepatomegaly or detectable acute viral infection. Two months later, she was admitted to hospital for vomiting, tachycardia, tachypnea and fever (39 1C); she had hypertrophic cardiomyopathy with mild diastolic dysfunction, mild pancytopenia, and elevated AST and ALT levels. Again her bone marrow biopsy was unremarkable except for iron depletion (Table 1) .
Her immune studies showed normal numbers and distribution of T, B, and NK cells as well as unremarkable responses to mitogens and normal complement activity (Supplementary Table 1) . No viral or bacterial pathogens were identified. During her recovery, she manifested persistent neck rigidity suggestive of meningeal inflammation. Shortly after this hospitalization, she developed seizures. Over the ensuing 17 months, she gradually became blind, lost cognitive and most motor skills, and developed dysphagia. Throughout this period, she manifested neck rigidity following each of many infections but had no more recorded fevers until the week before her death when her temperature was 38.5 1C. She died at 61 months of age with upper respiratory infection and cardiac failure secondary to left ventricular hypertrophy with outlet obstruction and mitral regurgitation. The family declined an autopsy.
Patient IV-3. The proband's sister (IV-3; Figure 1 ) was the product of an uneventful pregnancy. She had mild developmental delay and hearing loss. At age 75.5 months, concurrent with varicella infection, she had a seizure in the context of fever, deterioration of mental status and was diagnosed with varicella meningitis. CT brain imaging 
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showed dilated ventricles and cerebellar swelling. Following 2 weeks of treatment with acyclovir and steroids, she regained baseline neurological function. Subsequently, however, she became ataxic and was unable to walk. Three months after initial presentation her brain MRI showed diffuse white matter changes (Figure 2 ). She gradually lost additional motor skills and strength; eight months after presentation the nerve conduction velocities of her sensory and motor evoked responses were at the lower limits of normal in the right upper and lower limbs (Right Tibial Motor at ankle: latency 3.22 ms, conduction 40.97 m/s). Her CSF showed normal protein, glucose and amino acid levels. CSF neurotransmitters were normal except for an elevated neopterin level; her skin fibroblasts had normal 6-pyruvoyltetrahydropterin synthase activity, excluding 6-pyruvoyltetrahydropterin synthase deficiency as the cause. All other testing was unremarkable (Table 1 and Supplementary Table 1 ). At age 88.5 months, her brain MRI showed progression of the white matter changes (see below; Figure 2 ). She died at 91 months of age, 1 year before the birth of her younger sister, the proband. No autopsy was performed.
Brain imaging
Patient IV-5. Two weeks after the onset of ataxia, a CT scan showed abnormal hyperintense areas in the cerebellar white matter. A subsequent brain MRI (Figures 2a-d) showed symmetrical areas of T2 hyperintense signal abnormality in the cerebellar white matter and the cerebral white matter of the frontal lobe, as well as in a peritrigonal distribution. Ten months later a repeat brain MRI (Figure 2e-h) showed worsening of the cerebellar changes with atrophy and involvement of the gray matter. In addition, new areas of signal abnormality distributed along an anterior to posterior gradient were seen in the periventricular cerebral white matter.
Patient IV-3. Three months after her first seizure, a brain MRI (Figure 2i-l) showed cerebellar volume loss, diffuse symmetrical T1 hypointense and T2 hyperintense signal abnormalities in the cerebellar white matter, mild symmetrical ventriculomegaly and signal abnormalities in the periventricular white matter, thalami, basal ganglia, internal capsule, and midbrain. Some of these lesions enhanced after contrast, suggesting disruption of the blood-brain barrier.
Nine months later, a brain CT confirmed the prior findings, and a repeat brain MRI identified worsening of the T1 and T2 signal abnormalities involving the cerebellar white matter and extending into the gray matter, and greater involvement of the cerebral white matter, thalami, basal ganglia, internal and external capsules (Figure 2m-p) , and brainstem. Many lesions in the subcortical white matter, basal ganglia, cerebellar peduncles and brainstem enhanced with contrast.
Defective production of IL-1b
In the context of her normal B-and T-cell studies, the absence of fever with apparent infection and neurodegeneration triggered by minor infections, we suspected that the proband had a defect in pyrogen generation mediated by innate immunity. To assess this, we tested if her monocytes could produce the pyrogen IL-1b in response to an LPS challenge in the presence of ATP (inflammasome activation assay). 18 At 59 months (37 months after onset), the proband's PBMCs failed to produce IL-1b, in contrast to healthy controls, the asymptomatic siblings, and the parents (Figure 3) . Further testing using the Luminex cytokine assay confirmed the minimal IL-1b production and revealed a broad decrease in inflammatory cytokines, following stimulation with a panel of innate immune activators (Supplementary Figure 1) . The proband died before these abnormalities could be investigated further.
Exome sequencing identifies a homozygous pathogenic PRF1 mutation To determine the molecular etiology for this unusual innate immune response, we performed exome sequencing on the DNA of the affected girls and immediate family members (parents and unaffected siblings; Figure 1 ). Analysis for homozygous variants unique to the affected siblings identified a mutation (NM_005041.4: c.673C4T, p.R225W) in exon 3 of the PRF1 gene (Supplementary Figure 2) . Both parents and all of the unaffected siblings were heterozygous for the same variant. The p.R225W mutation is in the transmembrane region of perforin and has been associated with FHL2. 11, 12, 20, 21 In an animal cell model, p.R225W causes decreased cytotoxicity and impaired trafficking of secretory granules. 22 
DISCUSSION
We present two sisters with fatal neurodegeneration showing similar patterns of white matter cerebellar degeneration. We also found that the proband had a defective innate immune response, and that both she and her affected sister had pathogenic biallelic mutations in PRF1 as a possible cause of their disease.
The PRF1 mutation identified in our patients has been associated with FHL2, 11 but the sisters did not manifest diagnostic features of FHL2. 15 Specifically, they had minimal or no fevers, no hypertriglyceridemia, no hypofibrinogenemia, and no hyperferritinemia. The youngest had only mild transient cytopenia. Because both sisters died before the PRF1 mutation was identified, they were not tested for Figure 3 Inflammasome activation assay. Concentration of IL-1b excreted by PBMCs measured by ELISA. The cells were treated with 10 ng/ml LPS, with or without treatment with ATP. All experiments were performed in triplicate. 'Controls' represents the mean of seven biological replicates in healthy controls; error bars indicate the standard error of the mean. Proband IL-1b after stimulation with LPS and ATP is significantly decreased in comparison to other healthy controls, and to all five unaffected family members (Po0.05). All heterozygous family members showed no significant difference from controls. Control experiments with media only, or media with ATP, yielded negligible concentration of IL-1b in all samples (data not shown). An asterisk indicates a statistically significant difference between the patient and controls (independent samples t-test, Pr0.05).
PRF1-associated ataxia C Dias et al Table 2 Comparison of neurological features of patients reported with PRF1 mutations for whom MRI images or detailed description was provided PRF1-associated ataxia C Dias et al reduced NK-cell activity or elevated soluble IL-2 receptor levels. Also, two bone marrow biopsies in the proband did not demonstrate increased hemophagocytosis found in 82% of FHL2 patients. 23 Neurodegeneration has been reported as a possible feature of FHL2 and sporadic HLH, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] with a frequency of 37-69%. 23, 29, 39, 40 A third of patients have neurological symptoms at diagnosis, 40 and 36% of those with PRF1 mutations have some CNS involvement. 23 Although there is an association of variations in PRF1 with susceptibility to multiple sclerosis, 41 very few patients with HLH have had neurological symptoms as the sole presenting feature, and consistent with the expected ascertainment and reporting bias, 29, 30, 32, 39 all developed the diagnostic features of FHL2-HLH, with the exception of one individual who was diagnosed by brain histopathology but without identification of a mutation. 25, 26, 29, [31] [32] [33] 36, 42 The sisters reported herein are therefore the first individuals reported with neurodegeneration, biallelic pathogenic PRF1 mutations and no diagnostic features suggestive of FHL-HLH (Table 2) .
Potential explanations for this lack of features include the nature of the triggering pathogen, pathogen-host interaction, the immunological landscape defined by prior infectious exposures, genetic background or another primary cause of neurodegeneration. By history, however, the sisters did not have common triggering pathogens or common environmental exposures. Thus, this precludes ready acceptance of the first three possible explanations. Notwithstanding the limitations of exome sequencing, 16 extensive evaluation of all exome variants in the siblings failed to identify an alternative primary causal mutation for neurodegeneration or candidate modifier variant even though the high degree of consanguinity suggests that the affected children may both have inherited such modifier variants for the phenotype associated with the PRF1 mutation (Supplementary Table 2 to 4). A genome-wide analysis of a larger cohort of patients harboring PRF1 mutations, presenting with and without neurodegeneration might, however, identify such modifiers.
In contrast to the febrile cytokine storms observed in FHL2, the proband stopped developing fevers with infection during the course of her disease. Consistent with this, her PBMCs did not produce IL-1b or other pro-inflammatory cytokines overexpressed in FHL2. 10 This observation, consistent with a defect in the innate immune response, suggests that the link between PRF1 mutations and cytokine overexpression may be indirect or complex. The discrepant cytokine phenotype between FHL2 patients and our patients can be explained by genetic modifiers or by a difference in the timing of cytokine testing. Studies of cytokine expression in patients with classical FHL have been performed early in the disease course, most typically before treatment, 10 whereas our proband was tested long after onset of symptoms. Determining whether this cytokine profile is a distinguishing feature of the PRF1-related neurodegenerative disorder manifest by these girls, or whether loss of cytokine production or cytokine depletion is a feature common to the later stages of FHL2 will require testing of additional FHL2 patients.
The brain MRI findings in HLH are nonspecific. They include multiple focal or diffuse areas of signal abnormality within the cerebral and cerebellar white and gray matter. 28, 29, 36 The lesions can have a nodular appearance and enhance after contrast, a finding suggestive of perivascular involvement. 29, 30 The involvement of the cerebellum with development of cerebellar atrophy is a prominent feature observed in the majority of HLH patients. Cerebellar gray matter involvement usually appears later in the disease, and thus is not constant. Involvement of the cerebral gray matter is less common. Even when the patient cohort is limited to those with perforin mutations, the MRI findings are also not consistent (Table 2) , although cerebellar disease predominates. [24] [25] [26] 36, 43, 44 In the absence of systemic findings of HLH, therefore, one is unable to make a clinical diagnosis of PRF1-related neurodegeneration, and molecular testing is required.
In summary, we extend the neurodegenerative phenotype associated with biallelic mutations of PRF1 and show that the neurodegenerative phenotype can occur in the absence of the hematological and immune signs of FHL2-HLH. We hypothesize that PRF1-related neurodegeneration is an under-recognized condition, and suggest that when suspicion of immune-mediated neurodegeneration arises, this diagnosis should be considered because it is potentially curable with hematopoietic stem cell transplantation. 15, 44 WEB RESOURCES http://research.nhgri.nih.gov/software/Var-MD/
